Recently, an image enhancement receives a considerable research attention due to its wide application. In this paper, we propose a novel algorithm to enhance the contrast of remote sensing image while avoiding color distortion and detail loss. First, based on the Sobel operator strength, the local adaptive weighting parameter is obtained to penalize the fixed regularization parameter of original guided filtering. Then, the grayscale difference between flat patch and edge patch, which is caused by the fixed regularization parameter is amplified meanwhile without sacrificing the denoising performance. Finally, the Gaussian filtering of original multiscale retinex with color restoration is replaced with the guided filtering based on the Sobel edge detection operator to estimate the incident component of an image. Comparing with the previous algorithms, the proposed one can obtain more edge details and better color fidelity but with lower computational complexity and higher efficiency.
Introduction
With the development of science and technology, remote sensing technology has penetrated into various fields such as geology, biology and military. However, due to the low contrast and blurred details, the original acquired remote sensing images can not be ready to be used in observation or research. Therefore, it is crucial to research on image processing techniques to enhance the remote sensing image.
Plenty of studies on the methods to enhance the remote sensing image, such as Median filtering [1] , Gaussian filtering [2] , Bilateral filtering [3] , Retinex [4] - [7] , guided filtering [8] and the references therein. Gao, Yin et al. [4] proposed an image enhancement algorithm that the RGB channels are stretched respectively with s-cosine curve and sets the local weight factors before Multi-Scale Retinex (MSR) processing, but for remote sensing image, it will cause halo artifacts. Besides, the algorithm of using Bilateral filtering instead of the Gaussian filtering in [7] can eliminate halos but filter out the valuable details. However, these methods in [1] - [8] are generally incapable of providing satisfactory enhancement for images taken under complex lighting conditions. The resulting images are oversaturated or undersaturated leading to poor quality. Moreover, in [8] , the guided filtering is proposed to enhance the low-frequency component in the images, thus having good performance in anti-frogging. Since the Bilateral filtering will filter out the details of the image and the Gaussian filtering will produce the halo artifacts, they are not suitable for remote image enhancement.
Considering that the high-frequency and low-frequency components of the images are processed separately in Retinex algorithm, we find that if the guided filtering is used in the Retinex algorithm to enhance the remote sensing image, the effect will be better than above methods. As such, we only need to concentrate on improving the guided filtering to achieve the desired effect.
Inspired by the Reference [9] - [11] , we propose the algorithm which is called MSRCR algorithm based on guided filtering of Sobel operator to enhance the remote sensing image. Simulation results verify that the proposed method enhances the remote sensing image contrast as well as maintains color fidelity details.
The rest of the paper contains four parts, the related works are briefed in Section 2, next Section 3 explains the proposed method. The experimental results are shown in Section 4, where the effectiveness of the proposed method is proved. Finally, the conclusions are drawn in Section 5.
Related Works

Guided Image Filtering
In the GIF [8] , it is assumed that the output image q is a linear transform of guidance image I in the window ω k , the expression for the field of the linear transform is as follows:
Where a k , b k are two constants. Taking the derivative of (1) to represent the edge of image: ∇q = a k ∇I . It has a linear relationship in edges between q and I, that is to say, guided filter has the property of edge retention. Besides, cost function is used to determine the optimal solution, the value of a k , b k are obtained by minimizing the cost function E (a k , b k ) as follows:
Where p is the image to be filtered, ω k is a square window centered at the pixel i(x, y) of a radius k(∀i ∈ ω k ), εa 2 k is the regular item, ε is the regularization parameter to penalize large a k . As shown in Fig. 1 , we compare the different values of parameter ε in (2) and draw the gradient images for obtaining the edge informations of images. It can be seen that as the value of ε decreases, the contrast of images are enhanced. However, some details are weakened because of the halo artifacts near the edges which are caused by lager ε as shown in the amplified images of Fig. 1 . This is because a uniform value of ε is used to apply to different windows among the global image in GIF, the difference between the pixel textures in different windows is not considered. As such, halos are unavoidable for the GIF in [8] when it is forced to smooth edges.
Weighted Guided Image Filtering
The edge weighted parameter [9] is defined as:
Where σ 2 is the local variance in the neighborhood of the central pixel of the guided image I, i represents all pixels of I, N is the numbers of pixels of total image, γ σ is the small constant and its value is selected as (0.001 × M ) 2 while M is the gray value of the input image. The (2) is redefined as follows:
The WGIF in [9] can be applied to reduce halo artifacts, however, there are still two problems as follows: 1) The area with large variance is not necessarily the edge area; 2) There are some difference between the value of γ σ which is actually calculated and the fixed value of γ σ in [9] .
The Proposed Method
The Proposed Guided Filtering
In this section, a gradient domain GIF is introduced. The local variance [9] is replaced with the gradient magnitude of Sobel operator, the adaptive weighted parameter is redefined as:
Where N is the numbers of pixels of total image, |G(i)| is the gradient magnitude of Sobel edge detection operator of pixel i(x, y). The value of γ is fixed to be the 0.1 times of the maximum of |G(i)| in [10] and we use the value. The Equation (4) is redefined as:
The values of a k , b k are computed as:
Where μ I * P,k , μ I ,k , μ P,k are the mean values of I * P, I and P, respectively. Because the coefficients a k , b k in each window are different, they need to be averaged as the final coefficients of the pixel i. The final value of q is given as follows:
Where |ω k | is the numbers of pixels in window ω k , − a k and − b k are the mean values of the corresponding pixels of all windows. For easy analysis, the image P and I are assumed to be the same. If the value of a k is 1, the edge is then well preserved. Considering the two cases:
1) The pixel i is at an edge, the value of a k is usually 1 regardless of the value of ε, the sharp edges are then well preserved better by the proposed GIF than both the GIF and the WGIF in [8] and [9] respectively. 2) The pixel i is in a flat region, the value of a k is computed as: (10) A larger ε is selected in the proposed GIF than the ε in GIF and WGIF because the selection will not affect the preservation of edges by the proposed GIF. Obviously, the value of a k is closer to 0 because the value of I (i ) is usually smaller than 1. That means the proposed GIF smooth the flat area better than both the GIF and the WGIF.
As shown in Fig. 2 , we can see the enhanced images have less halo artifacts even with a large ε, in other words, as the parameter ε increases, the contrast of images are enhanced. Moreover, the details also increase but halos may not increase. Compared to the GIF, the larger ε result in a sharper detail enhanced image meanwhile the halo artifacts near the edges are cut down in the proposed GIF. In this case, we can use a larger ε with the proposed GIF without worrying about the halo artifacts.
Meanwhile, we compare the same value of parameter ε in (2) and (6) of GIF and the proposed GIF respectively. The enlarged gradient images are shown in Fig. 3 , it can be seen that since there are more edge informations in Fig. 3(b) , the details of image are not filtered out. Obviously, there are more edge informations retained by the proposed GIF. As such, the proposed GIF achieves the detail retention.
Edge-Preserving MSRCR Algorithm
Explanation of Edge-Preserving MSRCR Algorithm:
The Retinex [4] - [7] algorithm was proposed for the human visual system to light and color perception mechanism, and it enhances the image through low-pass filter initially. The algorithm of the Multi-Scale Retinex with Color Restoration (MSRCR) is as follows:
Where R(i) is enhanced output for MSRCR. Z(i) is the input image, and in this paper, f(i) is the proposed guided filter function, C T represents the color recovery parameter of the T-th channel which is used to adjust the proportion of the color of the three channels, β is a gain contrast and α controls the nonlinear strength, S = 3 represents three channels of RGB. Next we compare the proposed GIF and the Gaussian filtering in original MSRCR. The Gaussian kernel function is defined as:
Where λ is the global parameter to control the Gaussian kernel function, i, j is the pixel label. Combined with the Reference [8] , the proposed guided kernel function is defined as:
Where, W P (I ) is the guided kernel function based on the Sobel operator, and μ k , σ 2 k are the variance and mean of the local window respectively, |ω k | is the number of pixels of the window, i, j are the pixel label respectively.
As shown in the Fig. 4 , the step response can represent abrupt signals in the edge regions of the image because the position where the signal intensity is abrupt is the edge region in the image. Furthermore, the signal mutation is amplified in Fig. 5 . Clearly, the smoothing result by the Gaussian kernel function does not follow the original signal well at the signal mutation. This is because the Gaussian filter is greatly affected by the colors between the pixels in the neighborhood, thus resulting in a large difference in the intensity values of the signals at the edges which causing the value of output weight to be close to zero.
Nevertheless, the superiority of the guided filtering based on the Sobel operator is that the mean and variance of the pixels in the neighborhood are used as the pixel estimation, and the content of the image can be adjusted adaptively. The following effect on the original signal can be better achieved as long as gradient information is grasped sufficiently even in the strong signal mutation region. As such, the proposed algorithm is more in line with human visual features, pixels at sharp edges are usually more important than those in flat areas. 
Illustration of the Edge-Preserving MSRCR
Applications of the Proposed Algorithm
In this section, the edge-based MSRCR is adopted to study remote sensing image halo artifacts removal and detail enhancement. And method proposed above has been simulated with MAT-LAB 2015a software and the test images are selected from INRIA Aerial Image database [14] and NWPU VHR-10 database [15] . The images from INRIA database which was constructed by combining public domain imagery and public domain official building footprints cover dissimilar urban settlements which ranging from densely populated areas to alpine towns. Furthermore, NWPU VHR-10 database is a publicly available10-class geospatial object detection database and it contains totally 800 very-high-resolution (VHR) remote sensing images that were cropped from Google Earth and Vaihingen database and then manually annotated by experts. The value of structural similarity index (SSIM) [16] defines structural information from the perspective of image composition as a property that reflects the structure of the object in the scene independently of brightness and contrast. We select images from the above two databases randomly enhanced by the proposed algorithm while calculating the SSIM value of each enhanced image and taking the average. As the radius of the proposed GIF changes, the value of SSIM is affected, next we plot the curve of the SSIM value.
According to Fig. 7 , regardless of how the radius changes, the value of SSIM will always stabilize after r = 12, that means the image quality is less affected by the radius when r > 12. As such, in the next work, the value of the proposed filter radius is determined as 12. Besides, the selection of other parameters value depends on the contrast of images. In the next sections, we compare the proposed algorithm with the algorithm in [4] and the algorithm in [5] with different values of parameters in order to demonstrate the superiority of the proposed algorithm. What is more, in the all experiments, the filter image and the guidance image are identical for remote sensing image enhancement in the proposed algorithm.
Remote Sensing Image Halo Artifacts Removal
Image halo artifacts removal is a typical example to compare performance of different methods from the gradient reserve artifacts point of view. It can be seen from Fig. 2 that more edge informations can be retained by the proposed GIF while avoiding the halo artifacts. As such, in this section, it has been proved that the better performance can be preserved by the proposed MSRCR algorithm.
As shown in Fig. 8 , from the detail enlarged images, there are less details in Fig. 8(b) and (c) of the algorithm in [4] and [5] respectively, obviously, the phenomenon of detail loss is caused by the halo artifacts. However, in the proposed algorithm, the halo artifacts can be greatly avoided as shown in Fig. 8(d) , thus the edge-aware details generated being more apparent. As such, the experimental results shows that the enhanced images which are processed by the proposed algorithm provides more abundant contrast without producing noticeable halo artifacts.
Remote Sensing Image Color Retention
The contrast of the remote sensing image will be affected by the environment. Due to the low illumination image, in this paper, we use the proposed guided filter to convolve the original image Fig. 9 and the obtained low-frequency sub-band image is dynamically compressed. After processing the low frequency sub-band and the high frequency sub-band, the more details of the enhanced remote sensing image can be presented while avoiding color distortion, which is convenient for researchers' experiments and analysis.
The images of Fig. 9(b)-(d) shows the color retention enhanced images from an input low contrast remote sensing image in the image of Fig. 9(a) . Obviously, the result in Fig. 9(b) reveals that the recovered color deviates from the color of the original scene, and some details in Fig. 9 (c) are smoothed because of the Bilateral filtering. Conversely, a much better result in Fig. 9(d) preserving the color of the objects in the scene while retaining fine details.
For quantitative analysis, we use the Mean Square Error (MSE) [17] , Peak-Signal to Noise Ratio (PSNR) [17] and SSIM as the judgment indicators in this section. Both PSNR and MSE measure the quality of the image by calculating the global size of the pixel error between the image to be evaluated and the reference image. Besides, the larger the value of PSNR is, the smaller the image distortion will be. And the value of MSE of image is inversely proportional to the quality of the image. As shown in Tables 1 and 2 , the proposed method has lower MSE, higher PSNR and higher SSIM in comparison with the algorithm in [6] and [7] , thus indicating that the proposed method has reduced TABLE 2 The Evaluation Criteria of the Enhanced Images in the Second Row in Fig. 9 the distortion of the image while avoided the noise. All of these results show that the proposed algorithm has better performance than the existing ones.
Conclusion
In this paper, we propose a new algorithm to enhance the remote sensing image. Through the contrast with the existing algorithms, the proposed one can obtain more details while avoids problems such as halo artifacts and color distortion. The simulation results show that the proposed algorithm has better performance in noise reduction. In the future, we will endeavor to extend its applications.
